A rice diversity research set of germplasm (RDRS) was developed based on a genome-wide RFLP polymorphism survey of 332 accessions of cultivated rice (Oryza sativa L.). The accessions used in the initial survey were selected based on the passport data from the whole collection maintained at the Genebank of the National Institute of Agrobiological Sciences (NIAS). These accessions were analyzed using 179 nuclear RFLP markers. A total of 554 alleles were detected, and the number of alleles per locus ranged from 2 to 8 (mean 3.1). Principal coordinate analysis using RFLP data enabled to classify the accessions into three major groups, one Japonica and other two Indica. To develop a rice diversity research set of germplasm, the RFLP data on the 332 accessions were subjected to cluster analysis and 67 groups were recognized at a similarity index of 0.915. A single accession from each of the 67 groups was selected. These 67 accessions retained 91% of the alleles detected in the original 332 accessions, and covered the variation of the initial set of accessions in terms of several agro-morphological traits. The 69 accessions including varieties from 19 countries and the reference varieties, Nipponbare and Kasalath, were selected for the development of a rice diversity research set of germplasm. This collection which is presently well characterized at the molecular level will be used for the detailed genetic studies and rice improvement.
Introduction
Asian cultivated rice, Oryza sativa L., is an important crop and the staple food for half of the world population. Rice breeders are challenged to broaden the genetic base of rice breeding materials to fit diverse habitats. Agronomic traits controlled by many genes are difficult to introduce into elite varieties by conventional procedures. Recent progress in molecular markers enables the introduction of genes for complex traits into elite varieties via marker-assisted selection (Yano and Sasaki 1997) . Enhancing the use of germplasm for efficient improvement of rice varieties requires genome information. Although novel traits controlled by single major genes can be screened from large collections by high throughput evaluation procedures, this strategy is not suitable for intensive genetic study of complex traits, which are the major target of rice breeders. A diverse set of germplasm consisting of a small number of well characterized accessions that represent the genetic diversity of rice is needed for this purpose. Frankel (1984) proposed the development of "core collections" for effective use of germplasm, defined as a limited set of accessions derived from an existing germplasm collection chosen to represent the genetic spectrum of the whole collection. The effective size of a core collection was considered to be about 10% of that of the original collection to retain more than 70% of the alleles in the original collection (Brown 1989) . Core collections for many crops have been developed based on agro-morphological or biochemical traits and ecogeographical information as well as molecular markers (Hodgkin et al. 1995, Johnson and Hodgkin 1999 for reviews). Core collections have been used for the evaluation of agronomic traits, biotic and abiotic stress resistance and chemical components (Miklas et al. 1999 , Rich et al. 2004 . There have been some reports of establishing a rice core collection. A core collection consisting of 284 varieties had been chosen from the collection of International Rice Research Institute (IRRI) (Vaughan 1991 ) based on fifteen polymorphic loci for 8 isozymes (Glaszmann 1987) . IRRI has recently released another core set of rice accessions within the framework of the subprogram of the Generation Challenge Program consisting of 623 accessions (http:// www.iris.irri.org:8080/generation/). In China, around 130 varieties grouped into 18 types based on the predicted genotypic value of 13 agronomic traits were selected as a core collection (Li et al. 2004) .
In order to introduce natural variation controlled by a network of genes into other varieties, detailed molecular analysis is required. Analysis of diverse varieties is necessary to determine genetic variation, but core collections are large for this purpose. The objective of the present study was to develop a set of diverse rice germplasm consisting of a small number (less than 100) of accessions based on RFLP marker analysis. This set which was designated as Rice Diversity Research Set of Germplasm (RDRS) will be sufficiently diverse, yet sufficiently small, to enable the analysis of basic differences among rice varieties.
Materials and Methods

Plant materials
Rice accessions maintained at the NIAS Genebank were classified by geographical origin and representatives were randomly selected. A total of 332 accessions originating from 23 countries, and including 281 landraces and 51 modern varieties (Table 1 ) were selected. The Indica variety 'Kasalath' and a Japonica variety 'Nipponbare' were used as reference varieties for Indica and Japonica discrimination in the RFLP survey, respectively.
RFLP analysis
Green leaves were sampled from ten plants of each accession grown in the field and total DNA was extracted by the CTAB method (Murray and Thompson 1980) . DNA was digested with eight kinds of restriction enzymes; BamHI, BglII, EcoRI, EcoRV, HindIII, ApaI, DraI, KpnI (TOYOBO, Japan), and each digest was electrophoresed on 0.6% agarose gel. After electrophoresis, DNA was blotted onto a positively charged nylon membrane Biodyne B (Pall, USA), according to the manufacturer's instructions. RFLP markers used in the present study are listed in the Appendix. One hundred seventy-nine DNA probes prepared on the high-density genetic linkage map of rice (Kurata et al. 1994 , Harushima et al.1998 ) and distributed as landmarker RFLP sets from NIAS DNA Bank (http://www.dna.affrc.go.jp/misc/dna/ RFLPsetJp.html) were used for Southern hybridization. The markers obtained by these probes were distributed on the 12 chromosomes that make up the haploid genome of rice. Labeling of probes and Southern hybridization were carried out according to the protocol of the ECL direct nucleic acid labeling and detection system kit (Amersham Pharmacia Biotech, UK) and signals were detected on X-ray film.
Evaluation of genetic diversity of the accessions based on RFLP Each of the RFLP marker alleles was scored for presence (1) or absence (0). Similarity index was calculated using a simple matching coefficient of similarity (Sokal and Michener 1958) . Principal coordinate analysis was conducted from the distance matrix using NTSYS-PC software version 2.0.
In order to evaluate the diversity at each marker locus, the nucleon diversity index h, (Nei and Tajima 1981) was calculated as , where n i is the number of accessions with the i th alleles at the locus, n is the number of alleles at this locus and N is the total number of accessions. 
Selection of RDRS
A dendrogram was generated from a pairwise distance matrix based on the unweighted pair-group method with arithmetic means (UPGMA) (Sneath and Sokal 1973) to reveal the genetic relationships among accessions, using the software SPSS version 11.5 (SPSS Inc., USA). The number of accessions to be included in the RDRS was selected so that it retained nearly 90% of the alleles detected in 332 accessions. First, the dendrogram of the 332 accessions was divided into branches at a given coefficient level. The selection of one representative at a branch, genetic differentiation of each accession from the two reference varieties, Nipponbare and Kasalath was adopted. RFLP markers used here had been constructed on the genetic linkage map of Nipponbare and Kasalath. Degree of uniqueness (DU) was adopted to express the level of genetic differentiation from two reference cultivars and defined as , where m i is the number of loci with the i th alleles in the genotype data of one accession, M is the total number of loci investigated for each accession and k is the number of alleles at the loci. In the present study, M=179, m 1 and m 2 are the total number of Nipponbare and Kasalath alleles, respectively. Other alleles were m 3 , m 4 , and so on. An accession with a higher value of this index was selected, because such accession was expected to contain the intermediate type in the cluster, with a balanced number of Nipponbare and Kasalath alleles. In order to evaluate the level of phenotypic diversity in the RDRS compared to the original set of accessions, variation in the phenotype for 9 traits, including culm length, panicle length, number of panicles per plant, grain length, grain width, brown rice length, brown rice width, days to heading from seeding and amylose content, was evaluated. The mean, standard deviation, and the range for the traits in the intensive collection and the original 332 accessions were compared.
Results
In the present study, a total of 332 rice varieties were analyzed using 179 nuclear RFLP markers distributed at an average interval of 8.2 cM. The number of alleles investigated ranged from 2 to 8 (mean 3.1) per locus and the total number of alleles detected was 554. The number of alleles and Nei's nucleon diversity index (h) at each marker locus and their average values on each chromosome are presented in Appendix and Table 2 . The values of h ranged from 0.01 to 0.79 (mean 0.45). The h value is associated with the balanced distribution of alleles at one locus as well as the number of alleles per locus. For example, the h value of a dimorphic locus G1073 with unbalanced allelic distribution (320 Nipponbare alleles vs.12 Kasalath alleles) was 0.07, whereas that of a balanced locus C560 (167 Nipponbare alleles vs.165 Kasalath alleles) was 0.50. The h value of the loci on each chromosome fluctuated, especially on chromosomes 1 and 11, and no clear chromosomal regions consisting of diverse markers were found (Appendix). The coefficient of variation (C.V.) of the h value for each chromosome ranged from 13.7% to 55.2%. The C. V. of chromosomes 1 and 11 exceeded 50%, whereas that of chromosome 10 was 13.7%, and this low value reflected the constancy of the h value throughout this chromosome ( Table 2) .
Based on principal coordinate analysis of the RFLP data, the varieties were classified into three major groups (Groups A, B and C) by the first two coordinates (Fig. 1) . The contribution of the first and second principal coordinates was 44.0% and 7.6%. Groups A, B, and C included 155, 44, and 125 accessions, respectively. Four, three and one accessions originating from the Philippines, Bangladesh and China did not belong to any group (Table 1) . Group A mainly harboured the Nipponbare allele, while groups B and C mainly harboured the Kasalath allele (Table 3) . Based on the proportion of alleles shared with Nipponbare and Kasalath, group A was assigned to Japonica, and groups B and C to Indica. In the principal coordinate plot of group A (Fig. 2) , most of the temperate and tropical Japonica varieties were distributed in the third and fourth quadrants, respectively. However the distribution of these two groups was continuous and was not clearly divided. The dimorphic markers (n=83) did not completely discriminate between Japonica and Indica, or two Indica groups.
The values of DU, except for the reference varieties Nipponbare and Kasalath, ranged from 0.02 to 0.60, with an average value of 0.45. The number in the intensive collection changed from 1 to 297 accessions that corresponded to a similarity index ranging from 0.98 to 0.65, and the extent of the maintained alleles for different sample sizes was calculated (Fig. 2) . When the sample size was 103, the percentage of lost alleles was 7%, whereas 17% alleles were lost when the sample size was 47. Since our objective was to develop a collection with almost 90% of the alleles detected in the 332 accessions, for assembling a number of accessions as small as possible, the sample size for the collection was eventually fixed at 67 at a similarity index of 0.915 on the UPGMA dendrogram with 9% loss of alleles. DU values of the 67 accessions ranged from 0.276 to 0.600 (mean 0.52). A total of 69 accessions were chosen for RDRS, which included the reference varieties Nipponbare and Kasalath (Table 4) . The collection retained 91% of all the alleles and originated from 19 out of the 23 countries included in this study.
Comparison of the phenotypic variation in several agro-morphological traits between the collection and the original accessions showed that this collection included more than 80% of the range of variation (Table 5) .
Discussion
The objective of the present study was to develop a rice diversity research set of germplasm that would be useful for molecular genetic studies of rice. A total of 69 accessions were selected for the collection (Table 4) , based on RFLP data, and included 91% of the RFLP alleles in the 332 accessions.
The core collections for several crops have been chosen based on phenotypic variation and passport data (Hodgkin et al. 1995) . Phenotypic traits are affected by environmental factors and the true potential diversity is, therefore, not efficiently evaluated. On the other hand, DNA polymorphism is not affected by environmental changes and many loci can be efficiently analyzed. In the present study, 67 selected accessions that retained 91% of the DNA marker alleles detected in the 332 accessions covered 80 to 100% of the phenotypic variation in the 332 accessions (Table 5 ). The present results confirmed that DNA polymorphism is a useful means to evaluate potential diversity and to select representatives from world-wide accessions.
In studies on genetic diversity in a species, representative accessions are generally selected based on geographical information. In the present study, the selected accessions originated from 19 out of the 23 countries represented in the original set (Table 1 ). In the present study, accessions from the area close to the center of origin predominated in the core collection. For example, 14 out of 32 accessions were selected from India, whereas only two out of 44 were selected from Japan. Such results suggest that geographical information is an important factor contributing to genetic differentiation in Asian cultivated rice. Among the 179 RFLP loci investigated here, 3.1 alleles per locus were detected, and some loci showed higher levels of allelic diversity. The presence of highly diverse loci was attributed to the linkage with the balanced selective genes or to the physical location on chromosomes. Gene location of selective traits such as heading date, panicle number (Ishimaru et al. 2001) , or allelic barrier (Harushima et al. 2002) was compared with the results in the present study, but there was no tendency to suggest the existence of a linkage with diverse markers and such genes or QTL loci. Distribution of the h value of the loci on each chromosome fluctuated and no clear chromosome regions with diverse markers were detected (Appendix). Further investigations should be conducted to identify the factors that are associated with the mode of chromosomal distribution of polymorphism, especially in highly polymorphic regions.
Information about DNA polymorphism in the present study provided insights into the genetic differentiation of Asian cultivated rice. Rice accessions in the present study were divided into three groups based on the DNA polymorphism; one was the group of Japonica accessions and the other two were Indica ones (Table 3 and Fig. 1 ). Asian cultivated rice has been classified into two major types, Indica and Japonica (Kato et al.1928 , Oka 1958 ) and could be morphologically and genetically classified into tropical Japonica, temperate Japonica and Indica in the previous studies (Oka 1958 , Zhu et al. 1998 , Yu et al. 2003 . Garris et al. (2005) classified the rice accessions into five groups, namely, indica, aus, temperate japonica, tropical japonica and aromatic groups using SSR markers. In the present study, temperate and tropical Japonica was roughly divided by the first coordinate value, but the distribution of the accessions in the first and second coordinate plots was continuous and not clearly separated (Fig. 2) . This suggests that the temperate and tropical Japonica groups did not correspond to distinct varietal groups based on RFLP analysis. Agromorphological traits controlled by a relatively small number of genes may contribute to the discrimination between temperate and tropical Japonica. In contrast, principal coordinate analysis in the present study suggested the existence of a distinct genetic differentiation among Indica groups (Fig. 1) . One Indica group, designated as group B, was observed mainly in India, Bangladesh, Bhutan, Nepal and Sri Lanka. This group mainly consisted of aus varieties. Accessions belonging to Group C were observed in a wide area extending from Madagascar to China. These two Indica groups seemed to correspond to the aus and indica groups classified using SSR markers (Garris et al. 2005) . Comparison of the classification based on SSR markers (Garris et al. 2005 ) and the present study showed that differentiation between the two Indica groups had occurred much earlier than that of temperate and tropical Japonica.
In the present study, all the three varietal groups A, B and C coexisted in India, Sri Lanka, Bhutan, Bangladesh, the Philippines and Indonesia (Table 1) . India including Assam, Bhutan and Bangladesh is part of the region with high genetic diversity of rice, namely the mountainous area of the southeastern part of the Himalayas (Chang 1976) , whereas Indonesia and the Philippines were not included in the area. The coexistence of three groups in these two countries may be due to the introduction of diverse varieties. To develop core collections, a stepwise, hierarchical procedure has been used for grouping accessions, after which the representatives from each group werre chosen randomly based on group size, marker diversity, or informal knowledge (Hodgkin et al. 1995) . In the present study, DU was used to select representatives directly from each group. The average value of DU in the present study was 0.45, whereas that of Nipponbare and Kasalath was 0.0, suggesting that each accession 24.4 ± 3.6 16.7-34.4
Number of panicles per plant 12.0 ± 3.0 5.6-23.6 96
13.1 ± 4.0 6.4-23.6
Seed length (mm) 7.1 ± 1.5 4.5-10.3 88
6.7 ± 1.4 4.5-9.6
Seed width (mm) 3.0 ± 0.5 2.0-4.3 91
2.7 ± 0.4 2.0-4.1
Brown rice length (mm) 6.3 ± 0.8 4.7-9.6 96 6.5 ± 0.9 4.9-9.6
Brown rice width (mm) 2.9 ± 0.4 1.9-3.9 80 2.9 ± 0. harboured both Indica-and Japonica-specific alleles. Each chromosomal region showed mosaic structures with a combination of Indica-and Japonica-specific alleles. Such a complex structure was confirmed by the observations that no marker loci among the 83 dimorphic loci perfectly distinguished Indica and Japonica and that every cultivar group harboured both Indica-and Japonica-specific alleles to some extent (Table 3 ). Hybridization and separation by reproductive barrier among the rice accessions (Matsuo 1997 ) may account for the complicated mosaic structure of the chromosomes. Findings in the present study suggest the potential usefulness of an association study based on linkage disequilibrium in rice. Rice, an autogamous plant, displays less recombination and longer chromosome regions showing linkage disequilibrium than allogamous plants or animals (Nordborg et al. 2002) . Based on the hypothesis that the haplotype carrying the beneficial alleles can be detected by a DNA polymorphism survey, the degree of linkage disequilibrium in each chromosomal region needs to be studied in order to evaluate the efficiency of the application of linkage disequilibrium analysis to rice. RFLP markers are generally less polymorphic than SSR markers. SSR markers are considered to be caused by strand slippage during the DNA replication and are sometimes unstable across the generations (Charlesworth et al. 1994) . Linkage disequilibrium among the marker loci and genes is important for association studies. Most of the RFLP markers used here were detected with probes made from cDNA and were considered to reflect the variation in the genes better than the rapidly changing SSR markers. This RDRS is small compared to the entire rice collection at the NIAS Genebank, consisting of almost 32,000 accessions. However, this is a useful set of germplasm for physiological or agronomical studies, where the variation can be studied in depth. This set will be distributed by the NIAS Genebank (contact address is genebank@nias.affrc. go.jp) with the genotype and phenotype data. Accumulated data on the various traits and on DNA polymorphism in the collection will be provided as a feed back to users, which should enhance the efficient use of rice genetic resources. Development of genetic materials, such as substitute backcrossed lines or chromosome introgression lines from the accessions of the RDRS may accelerate the identification and use of genetic diversity of rice. Number of alleles 2) h 3)
